Granulosa cells support the developing oocytes and serve as transducers of the ovulatory stimulus induced by LH surge. Fyn kinase is expressed in granulosa cells, though its role in these cells has not been studied. In human embryonic kidney 293T cells, microRNA (miR)-125a-3p down-regulates Fyn expression, causing a decrease in cells' migratory ability. Our aim was to explore the role of miR-125a-3p and Fyn in granulosa cells toward ovulation, focusing on migration as a possible mechanism. We demonstrate expression of miR-125a-3p and Fyn in mouse mural granulosa cells of preovulatory follicles and miR125a-3p-induced down-regulation of Fyn expression in a granulosa cell line (rat). Administration of human chorionic gonadotropin (hCG; LH analog) caused a 75% decrease in the in vivo miR-125a-3p:Fyn mRNA ratio, followed by a 2-fold increased migratory ability of mural granulosa cells. In the hCG-treated granulosa cell line, miR-125a-3p expression was decreased, followed by Fyn up-regulation and phosphorylation of focal adhesion kinase and paxillin, enabling cell migration. An in vivo interference with miR125a-3p:Fyn mRNA ratio in granulosa cells by intrabursal injections of Fyn small interfering RNA or miR-125a-3p mimic caused a 33 or 55% decrease in the number of ovulated oocytes, respectively. These observations reveal a new regulatory pathway in mural granulosa cells under the regulation of LH/hCG. Modulation of cell migration may account for the significance of the LH/hCG-miR-125a-3p-Fyn pathway to ovulation.-Grossman, H., Chuderland, D., Ninio-Many, L., Hasky, N., Kaplan-Kraicer, R., Shalgi, R. A novel regulatory pathway in granulosa cells, the LH/human chorionic gonadotropin-microRNA-125a-3p-Fyn pathway, is required for ovulation. FASEB J. 29, 3206-3216 (2015). www.fasebj.org
WHEN EXPOSED TO MIDCYCLE LH surge, selected follicles will ovulate in a process that includes meiotic maturation of the oocyte, cumulus expansion, follicular wall rupture, granulosa cell luteinization, and formation of the corpus luteum (CL) (1) . These orchestrated processes are manifested by rapid and highly regulated changes in gene expression.
MicroRNAs (miRNAs) are a group of small, noncoding RNAs, playing a major role in posttranscriptional repression of protein expression. miRNAs participate in regulation of a large variety of cellular processes, including proliferation, differentiation, and cell death (2) . Various miRNAs were reported to mediate ovarian functions [reviewed in (3) ]; the expression of which is regulated by either follicle-stimulating hormone (4) and of others by LH (5) . Increasing evidence supports the notion that miRNAs influence ovarian function primarily through their action on ovarian somatic cells. Knockdown of Dicer that processes presmall RNAs to become mature functional small RNAs in granulosa cells resulted in impaired folliculogenesis (6) , impaired ovulation, and caused infertility (7) . Recently, microRNA (miR)-125a was found to be highly expressed in the ovary and suggested to be involved in the follicular-luteal transition (8) , inhibition of granulosa cell proliferation (9) , and induction of progesterone production (10) . Unlike miR-125a, the functions of miR-125a-3p (derived from the 39 arm of the premiR-125a) are yet to be elucidated, though miR-125a-3p was recently detected in human follicular fluids (11) .
We have previously shown that miR-125a-3p regulates Fyn expression directly by binding to Fyn mRNA 39 UTR in human embryonic kidney (HEK) 293T cells (12) . Fyn, a member of the Src family kinases (SFKs), is expressed in the ovary, in particular within the oocytes (13) , where it plays a role in the first and second meiotic divisions (14, 15) . Although it was reported that Fyn is expressed in granulosa cells (16) , its role in processes occurring in these cells toward ovulation have not been studied.
Fyn is known to partake in the regulation of cell cycle, apoptosis, differentiation, adhesion, and motility of cells Abbreviations: CL, corpus luteum; CS-FBS, charcoalstripped fetal bovine serum; DHT, dihydrotestosterone; FAK, focal adhesion kinase; hCG, human chorionic gonadotropin; HEK, human embryonic kidney; HPRT1, hypoxanthine phosphoribosyltransferase 1; ID, identification; IP, immunoprecipitation; miR, microRNA; miRNA, microRNA; MTT, (continued on next page) (17) . Cells' migratory properties induced by Fyn are mediated in part by its ability to interact with focal adhesion kinase (FAK) and activate it. In Leydig cells, Fyn was found to mediate phosphorylation of FAK, and its substrate paxillin, in response to human chorionic gonadotropin (hCG; an LH analog) (18) . Furthermore, activation of Fyn, its focal adhesion targeting, and the sequential cell migration were dependent upon phosphorylation of Fyn by PKA (19) , a well-known target of the LH/hCG receptor. Granulosa cells have been reported to migrate in response to hCG, and this process is ascribed mainly to formation of the CL (20, 21) , whereas hCG-mediated migration of mural granulosa cells prior to ovulation was not reported. We hypothesize that migrating mural granulosa cells participate in the processes leading to follicular wall rupture and support the release of the cumulus-oocyte complex.
In the current study, we reveal the novel LH/hCG-miR125a-3p-Fyn pathway, illustrating its role in mural granulosa cell migration prior to ovulation. We further demonstrate that interfering with this pathway in vivo hampers ovulation.
MATERIALS AND METHODS

Animals
Institute for Cancer Research female mice (Harlan Laboratories, Jerusalem, Israel) were housed in temperature-and humiditycontrolled rooms at the animal facilities of the Sackler Faculty of Medicine, Tel Aviv University, under artificial illumination for 12 hours daily. Animal care was in accordance with institutional guidelines and was approved by the local authorities. Ovulation was induced by intraperitoneal injection of 7 IU hCG (SigmaAldrich, St. Louis, MO, USA) 48 hours after administration of 5 IU pregnant mare serum gonadotropin (PMSG; Syncro Part; Sanofi, Paris, France).
Intrabursal injection
Four-week-old mice were administered 5 IU PMSG followed by injection of 7 IU hCG (22) . At 2 hours after hCG injection, mice were anesthetized, and one of their ovaries was exteriorized via a small dorsal incision. miR-125a-3p mimic (50 pmole, MC12378; Life Technologies, Carlsbad, CA, USA) and Fyn small interfering RNA (siRNA) (50 pmole, SC-29321; Santa Cruz Biotechnology, Santa Cruz, CA, USA) dissolved in diethylpyrocarbonate-treated water (Biologic Industries, Beit Ha'emek, Israel) to a volume of 10 ml, or an equivalent volume of vehicle, were injected by insulin syringes (30G needle) into the peri-ovarian sac (bursa) via the adjoining fat pad, and the ovary was then gently pushed back into the abdominal cavity. The contralateral ovary served as control. Ovulated, cumulus-oocyte complexes were isolated from the oviductal ampullae into M2 medium (Sigma-Aldrich) 18-20 hours after hCG administration. Cumulus cells were removed by a brief exposure to 400 IU/ml hyaluronidase (SigmaAldrich), and the number of ovulated oocytes was recorded.
Concurrently, the ovaries were removed into DMEM-F12 (Biologic Industries), and primary mural granulosa cells were isolated for RNA production.
Anovulatory mouse model
Anovulatory mouse model was established as previously described (23) with minor modifications. Briefly, female mice at 8 weeks of age were mated according to their natural estrous cycle. The day of vaginal plug was considered day 1 of gestation. Pregnant mice were treated daily, on days 16-19 of gestation, with subcutaneous injections of 250 mg dihydrotestosterone (DHT) dissolved in 100 ml sesame oil or with an equivalent volume of vehicle (control group). Developmental follow-up of female offspring started at 3 weeks of age; vaginal opening in control mice occurred at ;5 weeks of age, but not in mice treated prenatally with DHT. All mice were killed at the age of 3 months; their ovaries were removed and subjected to RNA extraction.
Cell culture
We used the LH-15 granulosa cell line of rodent origin (rat) that expresses LH/hCG receptor (referred to as "LH-15 cells"; a gift from Professor A. Amsterdam, Weizmann Institute of Science, Rehovot, Israel) (24) . Cells were maintained in DMEM/Ham's F12 1:1 (DMEM-F12), supplemented with 10% charcoal-stripped fetal bovine serum (CS-FBS; Invitrogen, Life Technologies, Grand Island, NY, USA), 2 mM L-glutamine, penicillin, and streptomycin (Biologic Industries). Cells were maintained in a humidified atmosphere of 5% CO 2 in air at 37°C.
Cell transfection
LH-15 cells were transfected with 20 nM of either miR-125a-3p mimic (MC12378), Fyn siRNA (SC-35425; Santa Cruz Biotechnology) or 30 nM anti-miR-125a-3p (MH12378; Life Technologies), using Lipofectamine 2000 transfection reagent and Opti-MEM medium (Life Technologies), according to the manufacturer's instructions. Control cells were transfected with 20 nM scrambled miR (AB-4464059; Life Technologies) or treated with Lipofectamine; both cell types act in a similar manner. Cells were incubated for 24 hours before being subjected to subsequent analysis, unless otherwise mentioned.
Luciferase assay
Fyn 39 UTR (mouse origin) was cloned into psiCHECK-2 vector (Promega, Madison, WI, USA), as previously described (12) . Mutagenesis was performed using the QuikChange SiteDirected Mutagenesis Kit (Stratagene, Cedar Creek, TX, USA). Briefly, nt 5-7 within the miR-125a-3p binding site in Fyn 39 UTR (CTG; equivalent to nt 2-4 in the seed sequence of miR-125a-3p) were replaced by AGT nucleotides, using the following primers: forward, 59-AAAGCAAATCCTATGTGATTT-TAACTCTGTCTTCACAGTATTCAACTAAAAAAAAAAAAGTA-TTATTTTCCAAAAG-39; and reverse, 59-CTTTTGGAAAATAAT-ACTTTTTTTTTTTTAGTTGAATACTGTGAAGACAGAGTTAA-AATCACATAGGATTTGCTTT-39.
LH-15 cells were cotransfected with miR-125a-3p or with scrambled miR (20 nM) along with constructs (10 ng) of either empty psiCHECK-2 vector, psiCHECK-2 wild-type (WT) Fyn 39 UTR or psiCHECK-2 mutated (MUT) Fyn 39 UTR. Equal numbers of transfected cells were lysed 24 hours after transfection, and Renilla luciferase activity was assessed using the Renilla luciferase assay system (E2810; Promega) according to the manufacturer's instructions. Luminescence readings were (continued from previous page) 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; MUT, mutated; PMSG, pregnant mare serum gonadotropin; SFK, Src family kinase; siRNA, small interfering RNA; WB, Western blot; WT, wild-type acquired using a TD 20/20 luminometer (Turner Design Incorporated, Sunnyvale, CA, USA).
Western blot analysis
Western blot (WB) was performed as previously described (12) RNA isolation, reverse transcription, and quantitative PCR Total RNA was extracted using TRIzol reagent (Life Technologies) and reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (Life Technologies). Changes in the level of mRNA expression were detected by SYBR green reagent (SYBR Green PCR Master Mix; Life Technologies) using 20 ng cDNA and the following specific primers: Fyn (rat), forward primer 59-AGGGACTCACCGTCTTTGG-39 and reverse primer 59-CTTCATAGTCATAAAGCGCCACAAA-39; Fyn (mouse), forward primer 59-ACCTCCATCCCGAACTACAAC-39 and reverse primer 59-CATAAAGCGCCACAAACAGTG-39; FAK (rat), forward primer 59-AAATTGTCCTCCCACCCTCT-39 and reverse primer 59-TCCATCCTCATCCGTTCTTC-39; paxillin (rat), forward primer 59-GCTTCCCCAACAAGCAGAAG-39 and reverse primer 59-GACTACGCTGCACTGCGTTC-39; and hypoxanthine phosphoribosyltransferase 1 (HPRT1; mouse/rat), forward primer 59-CTCATGGACTGATTATGGACAGGA-39 and reverse primer 59-GCAGGTCAGCAAAGAACTTATAGCC-39. miRNAs were reverse transcribed from 100 ng RNA; changes in the level of miRNA expression were detected by the TaqMan MicroRNA Reverse Transcription Kit (Life Technologies) using specific primers for miR-125a-3p [assay identification (ID) 2199; Life Technologies] and U6 snRNA (assay ID 001973; Life Technologies). In both procedures, the ABI Prism 7900 Sequence PCR machine (Applied Biosystems, Foster City, CA, USA) was used.
Immunohistochemistry
Ovaries from 7-week-old mice were fixed in 4% paraformaldehyde, sectioned, and subjected to immunohistochemistry as previously described (25) . Sections were incubated overnight with anti-Fyn antibody (SC-16), visualized, and photographed by a Leica laser confocal microscope (SP5; Leica Microsystems, Wetzlar, Germany) that was calibrated to a secondary antibody-only control.
In situ hybridization
Ovaries of 7-week-old mice were fixed in 4% paraformaldehyde for 15 minutes followed by 1 hour in 15% sucrose and incubated overnight in 30% sucrose. Ovaries were then embedded in TissueTek optimal cutting temperature compound (Sakura, Horgen, Switzerland). In situ hybridization was performed as previously described (26) . miRCURY LNA miRNA detection probes for miR125a-3p, scrambled miR, and U6 snRNA were purchased from Exiqon (#38522-15, #99004-15, and #99002-01, respectively; Vedbaek, Denmark). Slides were incubated overnight at 55°C for hybridization.
Transwell assay
Cells were seeded in the upper chamber of a transwell plate (24 wells, 8 mm pore size membranes, #3422; Corning Life Sciences, Corning, NY, USA) in DMEM-F12 supplemented with 0.1% CS-FBS. Primary mural granulosa cells (170,000 cells per well) or LH-15 cells (150,000 cells per well) were incubated for 1 or 8 hours, respectively, prior to the addition of 350 ml growth medium to the lower chamber: DMEM-F12 containing either 0.1 or 2% CS-FBS for primary mural granulosa cells, or DMEM-F12 0.1% CS-FBS containing 1 IU/ml hCG or an equivalent volume of saline for LH-15 cells. Cells were allowed to migrate for 16 hours, washed with PBS, fixed with methanol, and stained. Cells on the upper side of the membrane were removed by cotton swabs, and the migrating cells were visualized and photographed by a fluorescence microscope.
MTT cell proliferation assay
Cells were counted and seeded in 24-well plates and incubated for 24 hours. MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] was added to each well, to a final concentration of 0.5 mg/ml, before an additional incubation for 2-4 hours at 37°C. The reaction was terminated by addition of an equal volume of HCl (0.07 M in isopropanol), and optical density 560 nm was measured by the SpectraMax 190 microplate reader (Molecular Probes, Eugene, OR, USA).
Statistical analysis
Data are expressed as the means 6 SEM. A 2-tailed Student's t test was performed to compare the means of 2 groups. One-way ANOVA, followed by Tukey post hoc test, was performed to compare the means of multiple groups. P # 0.05 was considered significant.
RESULTS
Fyn and miR-125a-3p are both expressed in granulosa cells of antral follicles
Fyn is expressed in granulosa cells of estrogen-primed immature rats (16) . However, its expression in granulosa cells of antral follicles of naive mice was not yet described. Unlike Fyn, the expression of miR-125a-3p in the ovary, in general, and in granulosa cells, in particular, remains obscure. Using immunohistochemistry and in situ hybridization assays, we demonstrated that Fyn (Fig. 1A, B) and miR-125a-3p (Fig. 1C) are both expressed in granulosa cells of antral, preovulatory follicles.
miR-125a-3p regulates Fyn expression in granulosa cells
order to verify that miR-125a-3p holds the ability to bind Fyn mRNA 39 UTR and regulate its expression, in granulosa cells as well, we used luciferase assay. LH-15 cells were cotransfected with a reporter gene fused to the WT sequence of 39 UTR of Fyn (WT) along with either miR-125a-3p mimic or scrambled miR as control. A significant decrease in luciferase level was observed 24 hours later in cells cotransfected with WT construct and miR-125a-3p ( Fig. 2A) . The specificity of miR-125a-3p and Fyn binding was demonstrated using a similar construct in which 3 nt (equivalent to nt 2, 3, and 4 within miR-125a-3p seed sequence) in miR-125a-3p binding site within Fyn 39 UTR were altered (MUT). An empty construct that contains no Fyn 39 UTR (empty) was used as additional control. In cells transfected with either MUT or empty constructs, miR-125a-3p had no effect on luciferase expression as compared to scrambled miR ( Fig. 2A) . These results suggest that miR-125a-3p inhibits Fyn expression in granulosa cells by direct binding to Fyn 39 UTR. Next, we validated that miR-125a-3p regulates the endogenous levels of Fyn mRNA and protein. LH-15 cells were transfected with miR-125a-3p mimic, Fyn siRNA, or anti-miR-125a-3p (antimiR), and Fyn mRNA and protein level of expression were evaluated. Overexpression of miR-125a-3p resulted in a decrease in the level of both Fyn mRNA and protein, comparable to the decrease observed following transfection with Fyn siRNA. Transfection with anti-miR led to an increase in the expression of Fyn protein and mRNA (Fig. 2B, C) .
Fyn and miR-125a-3p are reciprocally regulated by hCG
The LH surge triggers ovulation, resulting in alteration of gene expression profile within granulosa cells (27) . To clarify whether miR-125a-3p and Fyn are downstream participants in the LH-mediated cascade of events, in granulosa cells, we examined whether hCG regulates their expression. Hence, we exposed LH-15 cells to increasing doses of hCG and found a dose-dependent increase in the level of Fyn mRNA (Fig. 3A) . When treated with 1 IU/ml hCG, a concentration that significantly increased Fyn mRNA expression, LH-15 cells exhibited an increase in the amount of Fyn protein (Fig. 3C , left panel) and its activity (Fig. 3C, right panel) , examined by phosphorylation of Fyn on Tyr-416 residue. When looking at the hCG-regulated pattern of miR-125a-3p expression (Fig. 3B) , we found it to be reciprocal to that of Fyn mRNA, meaning that hCG caused a decrease in miR-125a-3p level of expression, thus leading to a decrease in the miR-125a-3p:Fyn mRNA ratio.
miR-125a-3p negates hCG-induced Fyn up-regulation
To study the relationship between hCG, miR-125a-3p and Fyn, we evaluated whether the decrease in miR-125a-3p expression in response to hCG is necessary to allow the observed increase in Fyn expression in hCG-treated cells. LH-15 cells were transfected with miR-125a-3p mimic, antimiR, or Fyn siRNA and then exposed to 1 IU/ml hCG. hCG failed to increase the expression of Fyn protein in miR125a-3p-overexpressing cells, and in Fyn siRNA-treated cells, but induced an increase in the expression of Fyn protein in cells treated with anti-miR, though this increase did not significantly exceed the value of control cells (Fig.  3D) . These findings imply that hCG mediates Fyn expression through down-regulation of miR-125a-3p.
Low ratio of miR-125a-3p:Fyn mRNA, induced by hCG, is essential for ovulation
To confirm that the effect of hCG on the expression of miR-125a-3p and Fyn in granulosa cells is not confined to the LH-15 cell line, we isolated primary mural granulosa cells and exposed them in culture to 1 IU/ml hCG. We found that hCG caused a decrease in the expression of miR-125a-3p and an increase in that of Fyn mRNA, similar to its effect in LH-15 cells (Fig. 4A) . We further evaluated miR-125a-3p:Fyn mRNA ratio in primary mural granulosa cells retrieved from PMSG-primed mice at various time points after an in vivo administration of hCG. We showed that 4 hours after administration of hCG, there is a decrease in miR-125a-3p:Fyn mRNA ratio followed, 4 hours later, by a return to control values (Fig. 4B) . To verify that the hCG-induced decrease in miR-125a-3p:Fyn mRNA ratio is required for ovulation, we interfered with this regulatory pathway in vivo by intrabursal injections of miR-125a-3p mimic, Fyn siRNA, or vehicle, given to mice 2 h after hCG-induced superovulation. We confirmed that exogenous intervention by injection of miR-125a-3p or Fyn siRNA reduces the level of Fyn mRNA in mural granulosa cells retrieved from treated ovaries (Supplemental Fig. S1 ). The number of ovulated oocytes in both miR-125a-3p mimic and Fyn siRNA-injected mice was lower than that of control mice (Fig. 4C) , though the effect of miR-125a-3p was more profound than that of Fyn siRNA (control: 10.5; miR-125a-3p: 4.75, P = 0.001; Fyn siRNA: 7, P = 0.019). Next, we have established an animal model of anovulatory mice, induced by prenatal administration of DHT, as previously described (23) (elaborated in Materials and Methods). We found that miR-125a-3p: Fyn mRNA ratio was higher in ovaries of anovulatory mice than in ovaries of control ovulatory mice ( Fig. 4D ; P = 0.06). These findings suggest that hCG-induced decrease in miR-125a-3p:Fyn mRNA ratio is required for proper ovulation.
hCG induces an in vivo peri-ovulatory migration of mural granulosa cells
Fyn is a well-established promigratory factor, whereas miR125a-3p was reported to be a tumor suppressor miRNA that inhibits cell migration (28) . Hence, when exploring the role of the hCG-miR-125a-3p-Fyn pathway in mural granulosa cells, we focused on migration as a possible event that occurs prior to ovulation and involves this pathway. To examine this hypothesis, we first evaluated whether mural granulosa cells migrate in vivo, prior to ovulation, in response to hCG. Mice were administered either PMSG only or with PMSG and hCG. Mural granulosa cells were isolated 8 hours after hCG injection, and their migratory capacity was evaluated using transwell assay. The migration index of mural granulosa cells, retrieved from mice administered PMSG and hCG, was 2-fold higher than that of cells retrieved from mice administered PMSG only (Fig. 5) , indicating that hCG induces an increase in the migratory ability of mural granulosa cells prior to ovulation. . Cells, at equal numbers, were lysed 24 hours posttransfection, and Renilla luciferase activity was determined using a luminometer. Data were analyzed by 1-way ANOVA. Error bars are the means 6 SEM of 3 independent experiments. *P , 0.05. B and C) LH-15 granulosa cells were transfected with miR-125a-3p mimic (miR-125a-3p), anti-miR, Fyn siRNA (siRNA), or scrambled miR (control). The cells were incubated for 24 hours, lysed, and subjected to quantitative PCR (B) or WB (C) analysis. Fyn protein and mRNA expression were normalized to actin or HPRT1, respectively. Data were analyzed by 1-sample Student's t test. Error bars are the means 6 SEM of 3 independent experiments. *P , 0.05.
hCG-mediated migration of granulosa cells is miR-125a-3p and Fyn dependent
We used the LH-15 cells to examine the possible involvement of miR-125a-3p and Fyn in hCG-induced granulosa cell migration. Although hCG-mediated migration of luteinized granulosa cells has been reported, we initially confirmed that hCG induces migration of this luteinized cell line (Supplemental Fig. S2 ). Next, we asked whether hCGmediated migration of LH-15 cells is correlated with the ability of hCG to cause a decrease in miR-125a-3p expression followed by an increase in Fyn expression. We used transwell assay to evaluate the ability of cells, transfected with miR-125a-3p mimic, anti-miR, or Fyn siRNA, to migrate in response to hCG and found that overexpression of miR125a-3p completely blocked hCG-mediated cell migration. Inhibition of Fyn by siRNA also impaired migration of LH-15 cells in response to hCG, though did not abolish it, whereas cells transfected with anti-miR successfully migrated in response to hCG (Fig. 6) . To validate that the changes in cell migration are not affected by differences in treated-cell viability, we conducted an MTT assay and confirmed that the above treatment has no influence on granulosa cell viability (data not presented). Our findings suggest that hCGinduced granulosa cell migration is mediated by a decrease in miR-125a-3p expression and, at least in part, by a consequential increase in Fyn amount and activity.
FAK and paxillin are downstream of the hCG-miR-125a-3p-Fyn pathway in granulosa cells
To further explore the mechanism in which hCG induces granulosa cell migration, in an miR-125a-3p-Fyn-dependent manner, we examined which proteins downstream of Fyn contribute to this process. Because part of Fyn promigratory capacities is mediated by its ability to interact with FAK and phosphorylate it, causing focal adhesion assembly and phosphorylation of paxillin (29), we focused on both FAK and paxillin. Exposing LH-15 cells to 1 IU/ml hCG resulted in a small, nonsignificant increase in the phosphorylation of paxillin (Fig. 7A ) and an ;2.5-fold increase in the phosphorylation of FAK (Fig. 7B) . hCG failed to promote phosphorylation of both paxillin and FAK in cells overexpressing miR-125a-3p (Fig. 7A, B) . In cells transfected with anti-miR, the basal level of phosphorylated paxillin and FAK was slightly increased, and hCG had no further effect on their phosphorylation. Hence, we assume that both FAK and paxillin may have a role in the hCG-miR-125a-3p-Fyn-mediated migration of granulosa cells.
DISCUSSION
In the current study, we have characterized the role of Fyn and its posttranscriptional regulator, miR-125a-3p, in granulosa cells in the events leading to ovulation. We demonstrated that hCG alters the ratio between miR-125a-3p and Fyn, causing a decrease in miR-125a-3p expression followed by an increase in Fyn expression and activity. We further showed that upon in vivo exposure to hCG, mural granulosa cells acquire migratory capacities prior to ovulation. hCG induces granulosa cell migration also in vitro, a process that was found to be miR-125a-3p and Fyn dependent and might involve the phosphorylation and activation of FAK and paxillin. Interference with the hCGmiR-125a-3p-Fyn pathway decreases ovulation rate. A and B) LH-15 granulosa cells were serum starved and exposed for 6 hours to increasing concentrations of hCG (0-10 IU/ml). The levels of expression of Fyn mRNA (A) and miR-125a-3p (B) were detected by quantitative PCR and normalized to HPRT1 and U6 snRNA, respectively. Results were normalized to control (0 hCG) values. Data were analyzed by 1-sample Student's t test. Error bars are the means 6 SEM of 3 independent experiments. *P , 0.05. C) Cells were serum starved before a 6-hour exposure to 1 IU/ml hCG (hCG) or saline. Whole-cell lysates were subjected to WB analysis (WB) with anti-Fyn antibody, and actin served as a loading control, or were immunoprecipitated (IP) with anti-Fyn antibody, and the immunoprecipitated complexes were immunoblotted with antibodies against the Src p-Y416-equivalent site and against Fyn. Representative blots are presented. D) Cells transfected with miR-125a-3p mimic (miR-125a-3p), anti-miR, Fyn siRNA (siRNA), or scrambled miR (control) were treated for 6 hours with either 1 IU/ml hCG or saline. Cells were lysed and subjected to WB analysis for detection of Fyn protein. Actin served as a loading control. Data are presented as the ratio of hCG-treated cells normalized to the matching saline control and were analyzed by 1-way ANOVA. Error bars are the means 6 SEM of 3 independent experiments. *P , 0.05.
In a previous study performed in HEK 293T cells, we showed that Fyn is directly down-regulated by miR-125a-3p (12) . In the present study, we focused on the role of miR125a-3p in mediating Fyn expression in granulosa cells. To our knowledge, we are the first to show that miR-125a-3p is expressed in ovarian follicles, predominantly in granulosa cells, suggesting that it may have a role in these cells. Using luciferase assay, we confirmed that miR-125a-3p interacts directly with Fyn 39 UTR in granulosa cells. Overexpression of miR-125a-3p in LH-15 cells significantly inhibited the expression of both Fyn mRNA and protein. Interestingly, we found that hCG reciprocally regulates miR-125a-3p and Fyn expression, causing a decrease in miR-125a-3p and an increase in Fyn mRNA and protein. Overexpression of miR-125a-3p abolished hCG-mediated Fyn up-regulation, inferring that the decrease in miR-125a-3p is essential for hCG-induced Fyn up-regulation.
We further showed that alterations in the expression of miR-125a-3p and Fyn in response to hCG occur in vivo as well as in vitro, indicated by the decreased miR-125a-3p:Fyn mRNA ratio in mural granulosa cells derived from mice 4 hours after hCG administration. At 8 h after the administration of hCG, miR-125a-3p and Fyn mRNA levels returned to basal values, emphasizing the transitory nature of the effect. For a better understanding of the physiologic role of the hCG-induced decrease in miR-125a-3p:Fyn mRNA ratio toward ovulation, we exogenously interfered with this regulatory pathway in vivo. Intrabursal injection of miR-125a-3p mimic, 2 hours after administration of hCG, hampered ovulation, indicated by a significantly lower number of ovulated oocytes retrieved from miR-125a-3p-injected mice than that from control mice. Fyn siRNA also inhibited ovulation, though to a lesser extent than miR125a-3p, implying that the observed decrease in miR-125a-3p, Figure 4 . A decrease in miR-125a-3p:Fyn ratio occurs in vivo in response to hCG and is essential for proper ovulation. A) Primary mural granulosa cells were isolated from 7-week-old naive mice and seeded in DMEM-F12 containing 1% serum. Cells were incubated for 1 hour before adding 1 IU/ml hCG or saline to the medium for 6 additional hours. Cells were lysed and subjected to quantitative PCR analysis. The levels of expression of Fyn mRNA and miR-125a-3p were normalized to HPRT1 and U6 snRNA, respectively. Results were normalized to control (0 hCG) values. Data were analyzed by 1-sample Student's t test. Error bars are the means 6 SEM of 3 independent experiments. *P , 0.05. B) The 7-week-old mice were administered 5 IU PMSG and either sacrificed 48 hours later (control group; 0) or injected with 7 IU hCG and killed 4 or 8 hours later. Ovaries were excised, and mural granulosa cells were isolated and subjected to quantitative PCR analysis. The expression of miR-125a-3p in each mouse was normalized to Fyn mRNA level of expression; the average ratio of miR-125a-3p:Fyn mRNA for each group is presented. Data were analyzed by 1-way ANOVA. Error bars are the means 6 SEM (n = 5). *P , 0.05. C) miR-125a-3p mimic (miR-125a-3p; 50 pmole), Fyn siRNA (siRNA; 50 pmole), or vehicle (control) was injected into one of the ovarian bursae, 2 hours after administration of hCG to PMSG-primed mice (see Materials and Methods). Mice were killed 18-20 hours after hCG injection. Ovulated cumulusoocyte complexes were recovered from the oviductal ampullae. Cumulus cells were removed by a brief exposure to 400 IU/ml hyaluronidase, and the number of ovulated oocytes was recorded. Data were analyzed by 1-way ANOVA. Error bars are the means 6 SEM (n $ 5). *P , 0.05. D) Ovaries were excised from 3-month-old anovulatory mice, prenatally exposed to DHT or vehicle (control), and subjected to quantitative PCR analysis. The expression of miR-125a-3p in each mouse was normalized to the level of Fyn mRNA expression; the average miR-125a-3p:Fyn mRNA ratio for each group is presented. Data were analyzed by 1-sample Student's t test. Error bars are the means 6 SEM (n = 5). P = 0.06.
as well as the increase in Fyn mRNA, is required for adequate ovulation. The minor difference in the number of ovulated oocytes retrieved from miR-125a-3p-injected mice and Fyn siRNA-injected mice was found to be nonsignificant. The importance of the hCG-regulated ratio between miR-125a-3p and Fyn for ovulation is reinforced by our finding of increased miR-125a-3p:Fyn mRNA ratio in ovaries of prenatally DHTtreated, anovulatory mice. Because these mice exhibit high levels of LH in the serum (23) , it was expected that miR-125a-3p:Fyn mRNA ratio would be lower than that of their matching control mice. The increased ovarian miR-125a-3p:Fyn mRNA ratio may imply that LH/hCG fail to regulate the expression of miR-125a-3p and Fyn in ovaries of anovulatory mice. A) The 7-week-old mice were administered 5 IU PMSG and either killed 56 hours later (control group; PMSG) or injected with 7 IU hCG (48 hours after PMSG) and killed 8 hours after hCG administration. Ovaries were excised, and mural granulosa cells were isolated, counted, and seeded under starvation conditions (0.1% serum), in the upper chamber of transwell plates (170,000 cells per chamber). Cells were incubated for 1 hour prior to the addition of growth medium, containing either 0.1 or 2% serum, into the lower chamber. Cells were allowed to migrate for 16 hours before fixation. Scale bars, 100 mm. B) Quantification of cell migration using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Migration index was calculated as the percentage of area covered by migrating cells and normalized to control (PMSG; 0.1% serum). Data were analyzed by 1-way ANOVA. Error bars are the means 6 SEM (n = 6). *P , 0.05. Figure 6 . hCG induces granulosa cell migration by modulating miR-125a-3p:Fyn ratio. A) LH-15 granulosa cells were transfected for 16 hours with miR-125a-3p mimic (miR-125a-3p), anti-miR, or Fyn siRNA (siRNA). Cells were then seeded under starvation conditions (0.1% serum), in the upper chamber of transwell plates (150,000 cells per chamber), incubated for 8 hours to allow attachment, exposed to either 1 IU/ml hCG or saline that was added to the lower chamber, and allowed to migrate for 16 hours before fixation. Scale bars, 100 mm. B) Quantification of cell migration using ImageJ software. Migration index was calculated as the percentage of area covered by migrating cells. In each group treated with hCG, the migration index was normalized to the matching saline control. Data were analyzed by 1-way ANOVA. Error bars are the mean 6 SEM of 3 independent experiments. *P , 0.05.
Stimulation of LH-15 cells by hCG caused an increase in the expression levels of Fyn mRNA and protein and also led to an increase in the phosphorylation of Fyn at the Tyr-416 Src-equivalent site. In its active form, Fyn is phosphorylated on Tyr-416, whereas the Tyr-527 Src-equivalent site is dephosphorylated. Because phosphorylation of Tyr-416 is necessary for full kinase activity (17), we assume that hCG causes activation of Fyn in granulosa cells.
When activated, Fyn interacts with and activates FAK and paxillin, which participate in the regulation of cell motility (17, 29) . We showed that hCG causes phosphorylation of Tyr-397 residue within FAK and that this phosphorylation is inhibited in cells overexpressing miR-125a-3p, in which Fyn is down-regulated. The Tyr-397 phosphorylation site is the main site for FAK autophosphorylation, required for FAK interaction with SFKs, in particular with Fyn, and plays a major role in FAK-mediated cell migration (29) . The interaction of SFKs with Tyr-397 of FAK is necessary for phosphorylation of FAK on other tyrosine residues, including Tyr-576 (30) and Tyr-863 (31). Tyr-576 was shown to be phosphorylated in mouse Leydig tumor cells exposed to hCG, in a Fyn-dependent manner (18) . Furthermore, phosphorylation on Tyr-863 was found to enhance FAK autophosphorylation on Tyr-397 (32). Hence, it is possible that in granulosa cells exposed to hCG, FAK is autophosphorylated on Tyr-397, thus enabling interaction of FAK with Fyn, leading to phosphorylation of FAK on other tyrosine residues as Tyr-863 and thereafter enhancing autophosphorylation on Tyr-397. In cells transfected with anti-miR, the basal level of FAK phosphorylation was higher than that of the control cells. This may imply that miR-125a-3p might be required to maintain basal levels of phosphorylated FAK. Furthermore, hCG did not have an additional effect on FAK phosphorylation in cells in which miR-125a-3p was down-regulated by anti-miR, reinforcing the assumption that phosphorylation of FAK in response to hCG is miR-125a-3p dependent. Contrary to the pronounced effect of hCG on FAK phosphorylation, hCG had only a small and nonsignificant effect on paxillin phosphorylation in our system. One possible explanation for the difference between the phosphorylated levels of FAK and paxillin in hCG-treated cells is that paxillin might require longer exposure to hCG because it is downstream of activated FAK, possibly within a complex with Fyn (33) . Nevertheless, the small increase in paxillin phosphorylation in response to hCG was inhibited in cells overexpressing miR-125a-3p. Furthermore, in cells treated with anti-miR, paxillin exhibited the same pattern of phosphorylation as that of FAK, which implies that miR-125a-3p may have a role in regulating phosphorylation of paxillin in response to hCG as well. Overall, these findings indicate a role of miR-125a-3p, possibly through Fyn, in regulating FAK phosphorylation and perhaps also paxillin phosphorylation in granulosa cells treated with hCG.
In our previous study, we showed that miR-125a-3p inhibited migration of HEK 293T cells in a Fyn-dependent manner (12) . Because hCG mediated a decrease in miR125a-3p followed by an increase in Fyn expression and an increase in the activity of FAK and paxillin in granulosa cells, it seems reasonable to assume that this regulatory pathway impacts migration of granulosa cells. To date, hCG-mediated mural granulosa cell migration prior to ovulation has not been reported. Moreover, studies that have dealt with LH/hCG-mediated granulosa cell migration have ascribed it to CL formation (20, 21) . Herein, we showed that during the peri-ovulatory period, mural granulosa cells retrieved from mice, administered PMSG followed by hCG injection, acquire migratory capacities, as opposed to cells retrieved from mice administered PMSG only. These results are in agreement with the increase in the level of protein expression and of the active forms of Mmp 14 and Mmp 16 (key members in extracellular matrix remodeling and cell migration), found in rat ovaries 8 h after the administration of hCG and in macaque and human granulosa cells during the peri-ovulatory period (34) . This peri-ovulatory hCG-induced mural granulosa cell migration might participate in the events leading to follicular wall rupture, adding a new insight into the role of mural granulosa cells toward ovulation.
Using the LH-15 cells, we found that the migratory capacity of miR-125a-3p-overexpressing and Fyn siRNAtreated granulosa cells, in response to hCG, decreased significantly compared to control cells, inferring that the decrease in miR-125a-3p followed by increase in Fyn expression is required for hCG-mediated granulosa cell migration. The negative effect of miR-125a-3p on the hCGmediated granulosa cell migration was more pronounced than that of Fyn siRNA. Because both miR-125a-3p and Fyn siRNA caused similar decreases in Fyn mRNA and protein level of expression, Fyn cannot be held accountable for this difference. miR-125a-3p is not predicted by bioinformatics Figure 7 . Phosphorylation of paxillin and FAK in hCG-treated granulosa cells is mediated by miR-125a-3p and Fyn. A and B) LH-15 granulosa cells transfected with miR-125a-3p mimic (miR125a-3p), anti-miR, or scrambled miR (control) were serum starved, followed by 6 hours incubation with 1 IU/ml hCG or saline. Cells were lysed and subjected to WB analysis for detection of (A) p-paxillin (phosphorylated paxillin) and (B) p-FAK (phosphorylated FAK). Actin served as loading control. Data were analyzed by 1-way ANOVA. Error bars are the mean 6 SEM of 3 independent experiments. *P , 0.05.
to interact directly with either FAK or paxillin mRNAs (validated by us; data not presented). Thus, we can postulate that the difference in the effects of Fyn siRNA and miR125a-3p may be attributed to other proteins that are regulated by miR-125a-3p, acting independently of Fyn. It was reported that miR-125a-3p directly targeted RhoA mRNA in the A549 lung cancer cell line; a decrease in miR-125a-3p was associated with an increase in RhoA protein and with cell migration (35) . However, the activity state of RhoA in fibroblasts was found to be Fyn dependent (36) . Hence, though we cannot rule out the involvement of RhoA in miR125a-3p-mediated inhibition of granulosa cell migration, this pathway may also be Fyn dependent.
Taken together, these results suggest that the effect of the hCG-miR-125a-3p-Fyn regulatory pathway on ovulation in vivo is mediated by the ability of this pathway to modulate mural granulosa cell migration prior to ovulation. However, currently, we cannot exclude the possibility that the inhibitory effect of both miR-125a-3p and Fyn siRNA on ovulation is not confined to mural granulosa cells. In that context, several studies pointed out the importance of migration of the cumulus cells in the process of cumulus expansion (37, 38) . Because cumulus expansion is required for adequate ovulation (39) , it is possible that overexpression of miR-125a-3p and down-regulation of Fyn may have interfered with cumulus migration, hampering its expansion and, hence, contributing to the inhibitory effect of miR-125a-3p and Fyn siRNA on ovulation in vivo. However, the possible role of miR-125a-3p and Fyn in cumulus cell migration is yet to be studied.
To conclude, in this paper, we reveal a novel regulatory pathway in mural granulosa cells, under the regulation of LH/hCG. Our findings demonstrate that hCG causes a decrease in miR-125a-3p expression toward ovulation, enabling mural granulosa cell migration. This process is mediated, at least in part, by Fyn and may be important for proper ovulation. Deciphering this regulatory pathway may contribute to the understanding of the pathophysiology and treatment of anovulatory-related pathologies.
